
RESEARCH MEMORANDUM 

FACTORS AFFECTWG TRE DESIGN OF QUIET PROPELLERS 

BY 

Artbur A. Regier and Harvey H. Rubbard 

I 
i 

Langley Memorial Aeronautical Laboratory 
Langley Field, Va. 

. 'NATIONAL ADVISORY COMMITTEE 
FOR AERONAUTICS 

WASHINGTON 
September 19, 1947 





2 

B 

t 

C 

R 

Y 

Vf 

G 

6, 

X 
C 6  

8 

I: 

PI3 

T 

V 

1J 

n 

‘1 

number of blade3 

I 

thiclmese of secti~n, feet 

chord, feet 

propel ler-t ip radius, f o e t  

density of material, slugs ger cubic foot 

ideal. efficiency 



K mass coefficient far  propeller 



mes  of Propaller IVoise 

. 



. 

I 

Loudness of Pmgeller Noiee' as Affected by V&ious Factors 

The loudness level  of a nobe +tee into account the response 
characterietics of the ear.  rt fa defined in reference 8 as the 
preesure o r  intensity level of an equally l a d  1000-cycle dote which 
is reference frequency . The lmfaeaa level  contours are sham 
on figure 3 It i e  believed that the IGudness level ie a better 
criterion for co-ng noises t;dan the preesure leve l .  It i s  
not certain whether the loudneee 1evel. i . i  the best  indicatlon of 
the annoyance level which, in the f i d  aadyeit3, is the true ' 

criterion for the objectionability of noise. Since there ie no 
method avaflable for  calculating the bogpmce level of a noise, 
t h e  present pqer u8es loudmae lsvela  a8 e baais f o r  the.comprison 
of propellere. 

The subsequent figures an acowtics are Wen from reference 2 
Loudness charts ,are given Fn reference 2 coverfng the pv8r range 
of 100 to 3W homepower, propeller diamters of 6 ,  8, and 1.0 feet ,  
and the forward a p e &  range of to x10 miles per hour. 

Figure 4 5s' a saq le  c . W t  giving the loudness level8 &B functions 
of rotation& epeed f o r  twc-, four-, E€P, and eight-blade propellers 
for constant diameter, power, and forward velocity at  300 fee t .  This 
distance na?y be considered tho d t i t u d e  of an airplans fn the approach 
to the airport Rotationzl loubesa levele a r e  given by t h e  sol id 
l ines .  It nxq be seen that the greater the nuniber of b h & e o  the 
lower the l O U d n G S 8  l e v e l  for  a given roL&tioIIJ1 speed. The loudness 
level8 also dec&maae rapidlr with decrease of rotational speed? The 
vortex loudnese level is given by  the l i ne  of long dashes. It is 
irdependent of t he  lluniber of blades and decreases slowly with. a 
decrease in rotational apeed. The lfnes of short dashes represent 
total loudness level8 due to rotational and. vortex noise. At a 
sufficiently l o w  rotational apeed t h e  ro t a t iom2  no€m h p s  below 
the vortex noiee level and the propeller noiee become preiiominantly 
vortex noise. The rotational lmdm3se lave1 anit the total loudnesa 
level f o r  a five-blzde propeller a t  a r o t a t i o n d  speed of 1000 r p m  
are inacated by circlee on the figure These points corre,apond 
approximately t a  the opeat lng confiition of one of the MCA quiet 
pkopeller8 It mag be seen that the louheeo i a  almost entirely due 
t o  the vortex noise. This e x p l ~ ~ i ~ ~  ww the rotational noiae cannot 
be heard. 
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The effect of cllgtmeter on the loudness level of a two-blade 
propeUer operating at c0nstm.t; r p m  and power i s  given on fl@re 5 0  
~n examination of the Gutin, sound fo-a 2s given tn eqw-tion (4) 
of reference 4 shows that L9e sounc? pre38uro is a product of 
~everal factora. B c r e u s b g  the diameter, with rpm and power held 
constant, <esults i n  t h e  decrekae of some factors but an increase 
in others The net result is a small decrease of sound Tntansity 
w i t h  decrease in d.imter at the eqenae of propeller efficiency. 
The effect of dia;meter on efficiency wTll be Clscueaad later. 

The effect of Mameter on t21e loudness level of a two-blcade 
propeller operating st conetctnl; t i p  speed 2nd power is  @veri 
on figme 6 This ffgure show that for constant t i p  speed the 
loudness level decreases as the diameter 13 Fncreused. This 
decrease is due t o  two factors. F i ra t ,  it can be shown from 
equation ( 5 )  of reference 4, that f o r  constant t i p  speed the sound 
pressure varies inverasly an t he  propeller radius. Second, for 
constant t i p  speed the large propeller ~331. have a lower rpm; thus, 
the sound frequencies will be reduced toward a region where the 
ear ha8 lower sernaitlvity. 

The effect of power en the loudness of' a two-blade propel ler  
of constant diamater is given on fiw-re 7. There ie some Increase 
In sound output with incream of power, pca.rticularl.y zt the lower rpm'e 
If t he  rpm is reduoed s t i l l  further into the reglon where the vortex 
noiee predominates, the 1ou.dness level doe8 not c h w e  much with 
horsepower. In some prelin&mq t e a t s  with the U-CA quiet propellera 
the  sound pressure level  was increased'only 1 to 2 decibele as the 
power WaB increased f r o m  U O  horsepower to 185 horsepower, 4 

Effect of Mstmce an Amlane Noise 

The question of effect a9 dietance on airplane noise ~ E I  raised 
at t h e  September 1946 NACA Induatry Conference on Per8on.d A i r c r a f t  
Research Some t e a t s  (refemme 3 1 wore Bubaequently made to 
determine how much atmospheric abeorption m e c t e C  the aound. 
Figure 8 gives the maximum sound intensity m a m e d  on the ground 
as an AT06 airplane was flown di rec t ly  over the microphcne at 
alt i tuCee between 300 and 5ooO feet. The straight line ia a 
theoretical line calculated on the assumption that there I s  no 
atmospheric absorption an& that the decrease i n  intaneity i a  due 

. to the spreading; of the sound m v o  from 5. pofnt source. The data 
indicate that the atmospheric absorption I s  ne@gible for the 
conditione of the testa  For oowd traveling alang the ground, 
appreciable absorption WaB noted when the wave length of aoun6was 
about the a m  dimension or imdler than the ~!imsneirm of t he  
vegetation. Thue ehor t  grace all not attenuate the low frequencies 
but shrubbe17 or t r e e a  will.. 
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DIS(=USSION OF 

Ideal 

The ideal efficltmcg of an actuator disk is glven as a function 
of the power coefficient on figure 9 .  This curve f a  taken from 
reference 9 d is Based on t'ne work of R a n k i n e  in 1865. This 
c m e  gives the i&al efficiency for the condition that the momentun 
increase is tlistributed uni fomly  over the prapeller d€&. Thi6 
curve €6 u s e f u l  for estinaat-lng the effect of dianeter on the 
efficiency of a propeller. Various values of dimter are indicated 
on this curve f o r  100 horsepower; the cmise condition ie taken 
a8 100 miles per hour and is ahown above the line; the W e - o f f  
condition, as 50 miles per hour anC shown below the line. It naay 
be seen that the bke-off efficiency become @.te l o w  ae the 
diameter ie reace&. 

Beglecting 

where W is the .helical, velocity and U the rotatlonal 
of the section. 

The propeller bla& mea required to develop a &ven thrust 
mey be estfmated f r o m  t h i s  equation In figure 10 the blade area 
is given as a function of t ip  sped.  These curves =-e baaed on the 
aesuqtion tihat W = U an& that the velocities at the 0.7 radius 
are representatiye A lift coefficient of 0.4 W&B used In these 
calculations. These curves show the large increase in blade area  
necessary t o  develop the required thrust at low t i p  epee&. %ey 
indicate the -itu&e of the required blade area a& are us85 in 
this paper for estimating the vortex mise and the weight of 
propellers and are not intenEed f o r  design purposes 
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by each pmpeller blade was congealed and waa driven aetern at a 
given velocit;y . . ' I  Figure U. fer a picture of celluloid helicee 
which represent the congsaled w&ea of Betz' theorem. In azl 
addendum to reference 10, Prandtl calculated the dietributian of 

f low Prandtl obtained the ideal circulation or load distribution 
for a propeller, baaed on .the simplifying. aaal,mPtJ.om he m d e  
In 19s Goldstein calculated the  flow &out two- sn8 four-blade 
helicee and obtained an exact expression for the ideal circulation 
distribution. fn 1944 Theodorsen at the NACA reexamined the  ontire 
propeller theory and by use of electrical  metho& checked Goldertein's 
circulation flunction f o r  single-robting propellers and obtained 
the circulation functions for dual rotating p~poUor6. Some of 
the modeler which were used f o r  the electzical 'meas~ments  are 
ehown in figure U. 

the flow over BeAe6 Of disks representing the helix- F r o m  thi8 

Since a frictionless propeller having minimum induced loases 
will produce a helical wee, t he  load dletribution and performance 
of such a propeller m y  be dstencilned from the potent id  flow over 
the wake. Thw the optimum  circulation distribution OT loading 
along the blade radiue may be obtained f r o m  mrramrements of the 
voltage acrom the helical sheet when t he  helix is immemed i n  a 
tank of water having electric  current flowing in the direction of 
the helix axle .  Thia distribution ilfffere for dif'forent rates of 
advance, nuniber of blades, and propeller configurations The 

circulation function fo r  a four-blaae propeller at a of 1.55 
io given in figure 12 for both  single rotat$on dual mtation. 
These curvea are taka from reference 11. It mag be seen that +.a 
obtain a minim energy loas t he  load at the t i p  must be reaced  on 
.both propellers . For a single-rotation progeller the load m e t  aZ80 
be reduced at the hub, but for EL dual mtatian propellor the 
circulation is  a maximum at the hub. physicallg, khia me8213 that 
the t i p  load must be reduced to minimize the tis loee and the hub 
load must be reduced on the sbgle-mution propeller to reduce the 
rotational l o e s  . 

nD 

Theodoreen, in reference 11, introduced the concept of t h e  m 8 a  
coefficient whlch to a f i r e t  approximation i a  a msri~ure  of tho 
effective diek area of a propeller. This mse coefffcient may be 
obtained from an integration of the  circulation m c t i o n ,  or may be 
obtained from a measurement of the electricd.  rosistance of the 
helix when it, is immersed in a tank of wzter. The me8 coefficient K 
is the ratio a f  tple change of tank reefstance c m e d b y  the wake to 
the  c h q e  of t d s  reeiatance c a s e d  by the inmemian of J. eol id 
inadator having the ebme d l m t e r  aa t h e  wake. The value of the 
mass coefficient f o r  vaiioua nuuibersof blsdea f o r  e h g l e  rotation ie 1 
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the rotational, speed decreases or nD increases Thie means v + w  

that  the  optimum  efficiency of a frictionless propeller decremes 
as the rotational speed is decreaeed. The mass coefficient and. 
efficiency may be increased by increming the number of blades at 

a given -I Evan with an infinite zazmber of single-rotating blade6 

the maas coefficient IS lesa thai u d t y  fo r  finite d u e s  of nD. 
It may be of interest that the mFtss-ccefficient of the counter- 
rotating propellers l i e s  in the region above the c w e  f o r  an 
infinite nmier of blades in eingle  rotation.  Since we do not h o w  
a t  present how m G h  noiae dual rotation propellers make, the ' 

discussion WlU. be reatricted to single-rotation propellers. 

. .  

V + W  
. nD 

v + w  

!&e efficiency foraP;llae f o r  frictionlesa  propellers ham 
ideal  circulation  distribution m e  given aa fmzctfons of the ratio 
of thrust to ma8 coefficients in reference 12. 

An approximate method for obta5T;ing the efficiency of frictionless 
propellers La given in the following to demonstrate the uge of the 
DEBS coefficient. ( m f s  method 5s slightly optmetic but accurate 
to better than 1 percsnt f o r  lightly loaded propellera havin@; an 
optimum  efficiency greater than 90 percent.  The wake velocity is 
assumed to be equal to the etroam velocity, V + w = V; and the 
slipstream contraction is negbcted.) The ideal  efficiency  is gtven 
in figure 9. In a propeller t h e  air  is not accelerated uniformly 
through the disk as in an actuator but passes through the disk in 
bunches,  having tangential, rctdial, and axial velocity  components. 
The ~ B B B  coefficient gives the equivalent actuator disk of the 
propeller Thue, for e x q l e ,  an 8-f 00 t actuator dfek absorbing 
100 horsepower at 100 ;mile_s p r  hour has a power  coefficient of 0 .I 
and an efficimcr of 95 percent (ffg . 9) . Assume that an 8-fmt 
two -blade  propeller is operating at a V/nD of 0.9 This propeller 
has a aba8S coefficient of 0.5 (fig. 13) j tJ'iua it8  efficiencg wlll 'be 
equal to that of ag actuator of 0 n e - U  the area. Since the 
pcwer coefficient  variee fnvereely as the actuator-didc area, the 
equivalent actuator'disk has a power  coefffcient of 0.2 and an 
efficiency of 91 percent  (fig. 9 )  This is the efficiency, of a 
f rictiodess two-blab propeller at a V/nD of 0.9 for the above 
operating  conditions . ' the propeuer rotationd. speed 1s r e ~ c e a  

. so as t o  operate  at a V/nD of I ,3, the mass coefficient  becomes 
' eqW to 0.33 and the >over codf  icient of the equfvalent actuator 

a s k  is 0.3 Thi3 correeponde to an optimum efficiency of 88 percmt 
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f o r  a two-blade propeller operating at a V/nD of 1.3 If the 
number of blades were increased t o  f ive  at tbi~ V/nD c 1.3, the 
mas8 coefficient would be fncreaaed to 0.5 and the optimum efficfaacg 
w o u l d  be the 88,rr.m as for a two-blade propeller operating a t  a 
V / ~ D  of o .9, name~y 91 percent - 

P Y ' O ~ ~ 8 r  EffiCieIlCy Ch&S 

The preceding dlscua~ian haa dealt with the induced loaaee of 
frictionless propellere and.cannot be applied directly.to the 
design of actual- propellere. Lock, at  the British National 
'Physical Laboratory, extended the work of Goldstein to other blade 
numbers and developed a method of calculating the propeller ' * '  

characteristic6 Crigler and others at the NACA have extended the 
work of Lock and developed eelection charte.which greatly facilit;ate 
the work of designing high-.effic%ency pmpelLers. This method 
(reference 13) i e  consicbred standan3 f o r  the purpooe of deeignfng 
Mgh-perf'ormance propellem. Eff'fcienciecr up to 95 percent have 
been obtained Ln wind-tunnel tes te  on propenera deeigned by thia  
method. 

Recently Cri@er and Jaquie (reference 14) have extended t h i s  
work to cover the low V/nD rmge and have calculated a series of 
propeller-efficiency charts that cover the 8 & m ~  r v  of operating 
conditions a8 is covered in t he  l O U d n 0 8 8  charts of reference 3 .  
It is believed that references 3 and 14 ~Lll aid the deeigner i n  
choosing the optimum propeller, both from a loudnese and an efficiency 
Standpint  

Figure 14, taken f r o m  reference 14, is  a sarmple of the efficiency 
charts . It ehow t he  breakdown of lomes  of a propeller. The optirnun 
efficiency of frictionless propellera is givon by qopt f o r  two, 

four, and eight bhdee  . As di8cuefJed in tihe previous sectfon, it may 
be 88611 that t he  optimum efficiency  decreases vith decretming rpm 
end that f o r  a &van r p m  t he  greater the nu&& of blades the higher 
the 'optimum 'efficiency. The so l id  linea give the net efficiency for 
the propeller, t m  into account the akin f r i c t ion  or  eectian dra.g. 
The loss of pmpeller efficiency due to eectian drag depends an the 
Election lift/dpg rat io  and on the angle of attack of the eeatian.  
Such efficiency lOS8 is a minimum when the eectlons operate at 
helix angle of 45' and at  maximum lif't/drag r a t io  In the calculation6 
for figure 13 it is assumed that the propellers have the optimum 
pitch distribution f o r  each speed and that the propellere have a 
solidity of 0.0345 per blade at the 0 .ma mu13 EL four-blade propeller 
h.m twice the solidity of a two-blade p.mpeller . It can be 88831 
thEtf; each propeller has a amximum efficlency over a limited range 
of rotational epee&.. If the rotational speed is too high, the 



losses are excessive because of sun frfction loaaes; if the r p m  is 
too low, the sections must operate at a high l i f t  coefficient  at 
high drag near the s t a l l .  In figure 13' a l l  the propellers have 
about the eane maxirrmm efficiency. It is seen that a two-blade 
propeller operating at  1500 rprn can be replaced by eight bladee 
operatlng at 'j'0 rpm without loas of efficiency. 

The blade weight  and area of a propeller having homogeneous 
blades are given by t h e  following relations 

Wefght = KlBRtcr (2) 

Area = K F C  (3 1 

where B is  the number of blades, R the radius, t the thickness, 
c the chord, and 7 the denei- of t h e  material. Kl, K2, are 
constants depending on the geometry of the blades a 

The &ove equations e be coained to give t he  followfng 
reLatiom 

Weight = K3 7 t s* 

where - S is the total blade area of the propeller. Equation 4 shows 
that the weight of a propeller varies as the square of the blade area 
and invereely as the rnu&er of blades. T k n r ~  a propeller having a 
given thickness ratio, area, and radius w i l l  have less weight a8 the 
number of blades 18 increased. Equation 5 shows  Ghat the weight to 
area ratio is more favorable aa the thickness of We blades is 
decreaaed or for a constant thickness ratio a8 the chord is decreased. 
One of the factora that determines the minim thicbess and chord 
is dSscuseed . .  in the next eection. 

Flutter 

Considerable work hae been dbne at the L@ey Laboratory of the 
M C A  on flutter of wind-tunnel drive fans This work is  reported in 
references 15 and 16, The remlte  of these investigatfons are also 



amlicable to propollere. The.follcmbg equation taken f r o m  
reference 16 a v e e  t he  dfvergace speed of propellers, which fe 

maximum f l u t t e r  apeed. (Becauee of approxlmately-equd to the 
centrifugal force effecta, 
with the section center of 

where 

Vf speed at flutter 

G ahear mdulus of material 

P demity of air 

' C 6  
position of seotion center of gravity 

constant dependAng on taper, e t c  . =5 
PropellerB operating in t he  s t a l l e d  condition have a flutter 

speed much lower t h a n  the mxirmua flutter speed. For a given c l a m  
of propellers, the. minimum s t a l l  f lu t t e r  speed is a fixed fraction 
of the maximurn flutter speed; hence, the above equatim is  u ~ l e f l r l  
for  c o m i n g  the flutter characteriatica of propellera and discussfng 
the flutter parameters. 

In t h e  previous section it was shown that by hclding t/c conatant * 
the weight to area ratio could be reduced by decreasing the chord of 
the blab From the above equation it may be men that decreaalng c ,  
holding R and t/c c"t, reduces the f l u t t e r  speed in direct 
proportlon to the chord. Thus, increasing t h e  nuniber of blades 
(to obtain a more favorable weight to area ratio) results ~n lower 
flutter speed. . .  

1% w m  shown i n  t h e  aerodynamic diecuaaion that reducing the 
t i p  speed by cme-hdf required a propeller of four times the m e a  
Using the aame bladea but increaaing the nurriber df blade6 by a 
factor  of four results in a propeller that iB four t i w e  as heavy 
as the original propeller. This new propeller has twice the 
necessary f lu t t e r  margin eince the new propeller is operating at 
half speed with the e m  blades as were used in the original. propeller. 
Some reduction in weight can be achieved which wfll give both propellers 
the same margin of flutter eafety. 



The follo~ng hB1e &owe how changFng the parameters affects 
the weight. In each of the five propellere  considered below the 
new propeller is assumed to have one-half the f l u t t e r  speed and 
four times t h e  area of the original , A l l  numbers in  the table 
give the ratio of the parameters of me new propeller compared to 
the original .  

Line Weight Shear modulus t/c Thiclmee; Bhdee Radius Chord 
c .  G .  t B R 

1 4  
. 4  1 1 '  I -2 2 '  3 1  
2 i 1 . .. 1/2 8 1 1/2, 2 
4 1 .  1/4 I 1 L 

4 1 '  .1 , 4 
' 1  "lj4 1 1 4 1 5 1  
2 -5 1 .o  .63 0.63 

is  86-d that  the Of the materid Varies d i Z ' 8 C t u  
a8 the shea  mdLzlue G. 

An inspection of the above -ble ahm that -the flutter conditions 
are satisffed by merely increashg the chord br a factor of four 
(=ne l), but this Increases the weight by a factor of four and also 
gives a very thin airfoil section thicbnesa ratio. Tke beat weight 
ratio f o r  a given material i s  obtained in l ine  2 f o r  a prOpeller 

having %blade chard and eight times the nuniber of blade.6 Lfne 5 
ahows that if a lighter  material ie used having a density and 
ehear modulus of one-fourth, the new propeller will have four times 
the lluaiber of blades but Ehe same wei&-t it8 the o r i m .  propeller 
This approach t o  the problem appears to have the greatest promise. 
It i s  believed that the &signer may take advantage of the low 
centrifugal stresses t o  uae new naat9rials o r  fabricated bladee in 
such a mmner that there will be no weight penalty involved in &e 
w e  of slow rotkting quiet propellers 

An examination of equation 6 shows thzt if the blade-eection 
center of gravi ty  is located at the quarhrLchor& point the f l u t t e r  
speehbecomes inflnlte. Z t  is shown in  reference 13 that t o  
prevent tw€8,tIng of the  blade due to t h e  aejrodpmnic mwnt an 
a i r f o i l  section having zero 'nu>menG coefficient about quarter chord 
must be used If the center of gravity is at &.w.zter-chord point. 
Such sectipna may not be deSfrabl8 for propellers Helicopter 
designers h v e  obtained freedom from flutter by u s i n g  such sections 
with the center of gravfty at quarter chor&, both in the main and 
t a i l  rotors Whether such techniques can be ueed t o  advantage f o r  
propellers has wt  been determined. 



Vfbration 

Vibratory stressea have not been an flnportant factor i n  the 
deeign of small wooden grogellere of fixed pitch. In fact, one of 
the moat buccessf'ul wooden propellere i n  use today has t h e  first 
bending frequency near the firing frequency of the engine i n  the 
take-off conWtfon . Vibretory etmeaes m y  becone daqerous in 
the high-sitched quiet propellers diecueaed in this papera One of 
the propellers built  by the NACA 3assed the electric whirl test8  
and a l a 0  performed satisfa.ctorilg cn the &ne at Low pitch. 
When the propeller pitch was increased t o  30° t h e  propeller vibrated 
badly with tip amplitude up to 3 inchee Strain $age8 an the blade8 
Elhowed that the bladee were excited by the f i ra t  fir- order of 
the engine. Another engine hav3ng a higher geax ratio and more 
torsional dampera m a  eudstftuted. This eliminated the vibration 
trouble on this propeller. 

h3ch pro'blem are not new but have been encounterod on many 
high-performance designe, A l l  the techniquee which have been ueed 
to check the stresses on high-performance propellera ehould be used 
in the design of quiet pmjpellem. 

Propeller perforniance and wefght considemtione have been the 
main factors affecting the design of propellers in  the paet. It 
now becomes important to consider the propeller sound as an important 
f&ctor in the deeign Fortunately, there fs no eeeential conflict 
between the performance and sound requfremnte. The main problem 
are (I) to obtain a oatbefactory gemed ewlne, and (2) reduce the 
weight of the propeller. l&at t i e  weight of  silent pmpeUer8 irill 
be cannot be foretold. This depends on the ingenuity of indu~tr ia l  
designem and researchera It 3.8 believed that by use of new 
procesees, high-speed geared engines, etc., the future  quiet airplane 
w f l l  equal the perfomnance of and have BB light pmpulsive m i t e  
a8 p-resent-day aircraft.. 

me present papr has outlined some of the factom which nrust be 
cansidered in the design of a quiet propeller. It i e  believed. t2u.t 
the noise problem wXt.1 not be eliminated until the rotational notes 
level  i s  reduced below the vortex level af t h e  propeller. "hie w i l l  
require a. red.uction of the ro ta t iona l  speed to about ae"4mlf of 
that of preeent-dqv propellers. , 
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ROTATION 

Figure 2.- Calculated sod pressures of first harmontc from two-blade propeller in 
forward flight. D = 6 feet; Mt = 0.57; PE = 150 horsepower; V = 150 mfles p e r  hour. 
(From reference 2.) 
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Figure 3.- Loudness level contours. (From reference 8.) 
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Figure 4. - Loudness as a function of rotational speed for various numbem of b w e s .  
D = 8 feet; V = 100 miles per hour; PE = 150 horsepower. (From reference 2.) 
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Figure 5.- Effect of diameter at constant rotational speed N on propeller  loudness. 
V = 50 miles per hour; % = 100 horsepower; S = 300 feet; B = 2. (From reference 2.) 
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Figure 6. - Effect of diameter at constant Up Mach number on propeller loudness. 
.V = 50 miles per hour; % = 100 horsepower; S = 300 feet. (From reference 2.) 
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Mgure 7.- Effect of power absorbed on propeller loudness. V = 50 miles per hour; 
D = 6 feet; B = 2 blades; S = 300 feet. (From reference 2.) 
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F'igure 8.- Sound pressure levels as 8 function of altitude of trainer -lane (AT-6). 
V = 164 mLles per hour; pH = 400 horsepower; N = ZOO0 rpm; relative humidity, 
40 percent; teqsratwe, 72' F. (From reference 3.) 
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Mgure 9.- Ideal efficiency aa a function of power coeflcient. (From reference 9.) 
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Figure 10.- Appmximte blade area as a function of Up speed. 
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Figure 11.- Propeller wake models. 
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Ffgure 13.- Mass coefficient for propeller. ( F ~ M  reference 11.) 
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Figure 14. - Propeller efficiency. V = 100 &les per hour; 1.”- 6 
PH = 300 horsepower; D = 10 feet; go.m = 0.0345 B. (From 

reference 14 .) ” 
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